The intestine exhibits striking diurnal rhythmicity in glucose uptake, mediated by the sodium glucose cotransporter (SGLT1); however, regulatory pathways for these rhythms remain incompletely characterized. We hypothesized that SGLT1 rhythmicity is linked to the circadian clock. To investigate this, we examined rhythmicity of Sglt1 and individual clock genes in rats that consumed food ad libitum (AL). We further compared phase shifts of Sglt1 and clock genes in a second group of rats following restricted feeding to either the dark (DF) or light (LF) phase. Rats fed during the DF were pair-fed to rats fed during the LF. Jejunal mucosa was harvested across the diurnal period to generate expression profiles of Sglt1 and clock genes Clock, Bmal1 (brain-muscle Arnt-like 1), ReverbA/B, Per (Period) 1/2, and Cry (Cryptochrome) 1/2.
Introduction
Circadian rhythmicity in gene and protein expression has been demonstrated in numerous mammalian organs and tissues. These rhythms serve a major physiological role by matching many visceral functions to anticipated environmental demands (1) . We and others have documented circadian rhythmicity in intestinal expression of digestive enzymes and transporters for both nutrients and nonnutrients (2) (3) (4) (5) . Our studies on the intestinal sodium-glucose cotransporter (SGLT1), 9 which is responsible for all active intestinal glucose uptake, demonstrate that rhythmicity in intestinal glucose uptake is conferred entirely by rhythmicity in transcription, translation, and function of SGLT1 (3) . However, the molecular cues triggering rhythmicity in the Sglt1 gene (Slc5a1) and protein expression remain unknown.
Previous studies have identified a set of genes, referred to as clock genes, involved in the regulation of circadian rhythms, such as hormone secretion, and autonomic functions, including body temperature and blood pressure (6, 7) . In mammals, the master clock resides in the suprachiasmatic nucleus (SCN) and maintains a 24-h periodicity entrained by light (8) and regulated via opposing positive and negative molecular feedback loops. Mammalian clock components include Per1, Per2, Clock, Bmal1, ReverbA and B, and Cry1 and Cry2. Heterodimers of Clock and Bmal1 positively regulate Per and Cry genes via promoter E-boxes (CAnnTG). Nuclear accumulation of Per and Cry inhibits Clock/Bmal1 activity, which represses Per and Cry, thereby setting up an oscillation in their expression (9, 10) . Orphan nuclear receptors ReverbA and ReverbB have been identified as key regulators linking the positive and negative limbs of the circadian oscillator, with Reverb transcription driven by Bmal1/Clock and suppressed by Per and Cry (11, 12) . In addition to the central SCN circadian pacemaker, clock genes are also expressed in many peripheral tissues, including the heart, retina, lung, kidney, peripheral blood cells, and liver (13) (14) (15) (16) . While several clock genes are known to oscillate in the intestine, the temporal expression patterns of Reverbs have not been characterized.
While light is the predominant Zeitgeber ("time giver" or entraining cue) for the central SCN clock, peripheral clocks can be dissociated from the central clock by various stimuli, including nutrient availability and glucocorticoid exposure (11, 17, 18 ; A. T. Stearns, A. Balakrishnan, K. Abolmaali, D. B. Rhoads, S. W. Ashley, A. Tavakkolizadeh, unpublished results). Feeding in particular is a strong Zeitgeber. Restricted feeding can reset the peripheral clocks in the liver, kidney, heart, and pancreas within 1 wk with no change in phase of the SCN clock (19) (20) (21) and is a sufficiently potent Zeitgeber to reinstate rhythmicity of the liver clock in otherwise arrhythmic SCNlesioned mice (22) .
We hypothesized that rhythmic expression of SGLT1 in the rat intestine is driven by peripheral circadian clocks to link function to nutrient availability. We surmised that Sglt1 would have a similar phase to 1 or more clock genes and that clock genes and Sglt1 would exhibit parallel phase shifts in response to restricted feeding. Our studies show that nutrient availability acts as a major Zeitgeber in rat intestine, independent of light cycle, and simultaneously phase shifts Sglt1 and clock gene expression. These results provide evidence for regulation of SGLT1 by the peripheral clock.
Materials and Methods
Animal studies. All animal study protocols were prospectively approved by the Harvard Medical Area Standing Committee on Rats.
Sprague-Dawley rats (50 males, 7 wk old) were purchased from Harlan World and acclimatized to a 12-h-light/-dark photoperiod for 5 d with ad libitum access to food (Picolab Rodent Diet 20, LabDiet, containing 21% protein, 9.9% fat, 4.4% fiber, and an energy value of 3.42 kcal/g) and water. Time is designated as H After Light Onset (HALO), with HALO 0 at 0700 h (lights on). In the control arm, rats received food ad libitum (designated AL) and were killed at 3-h intervals beginning at HALO 0 (n = 6-7 per time; Supplemental Fig. 1A) . A second group of 50 male rats were similarly acclimatized, then randomly assigned to be fed for 7 d either during only the dark phase (designated DF; HALO 12-24, Supplemental Fig. 1B ) or light phase (designated LF; HALO 0-12, Supplemental Fig. 1C ). DF rats were pair-fed to LF rats to ensure equal food intake. Rats were housed in pairs in cages. LF animals were given 100 g of food per cage at 0700. The remaining food at 1900 was weighed and subtracted from 100 g to calculate the amount consumed per pair of rats (we assumed that both rats consumed equal amounts of food). The mean daily consumption of LF rats was calculated, multiplied by 2, and provided to each pair of DF rats at 1900. No food remained in the cages of DF rats at 0700 the next day. To minimize disruption during restricted feeding, rats were weighed only 3 times (d 0, 3, and 7). On d 7, rats (n = 6-7) were killed at 6-h intervals beginning at HALO 3.
Tissue harvest. Rats were anesthetized with sodium pentobarbital (50 mg/kg, Ovation Pharmaceuticals). The small intestine from 2 cm distal to the ligament of Treitz was harvested via midline laparotomy and rinsed with ice-cold saline to remove luminal contents. The 10 cm of jejunum was divided along the antimesenteric border, mucosa scraped from the underlying muscle, snap-frozen in liquid nitrogen, and stored at 2808C for subsequent RNA or protein extraction.
RNA extraction, RT, and real-time PCR. Total RNA was extracted using the mirVana kit (Ambion). Samples were reverse transcribed simultaneously with Superscript III (Invitrogen) and oligo-dT. Real-time PCR was performed as previously described (3) . mRNA levels were expressed as ratios to the stably expressed B-actin. All primers were ordered as custom oligonucleotides from Invitrogen (Supplemental Table 1 ), except rat Per2, for which mRNA expression was measured using the Taqman primer-probe and gene expression Master mix (Applied Biosystems).
Protein extraction and Western blotting. SGLT1 protein expression was measured in total lysates from jejunal mucosal scrapings as previously described (3) . Diurnal Per1 protein expression in rat jejunum was measured in nuclear extracts of freshly collected mucosal scrapings (Nxtract nuclear extraction kit, Sigma). Western blotting was performed as previously described (3). Nuclear or total protein extracts (75 mg) were resolved on 4-12% Bis-Tris gels, transferred to polyvinylidenefluoride membranes, blocked, then incubated with either rabbit anti-SGLT1 (1:4000; Chemicon International) or rabbit anti-Per1 (1:200; Santa Cruz Biotechnology), respectively. Protein expression was normalized to B-actin (mouse anti-B-actin, 1:1000, Labvision).
Statistical analysis. Data are presented as means 6 SE. Graphical analysis was performed using Graphpad Prism. Circadian rhythmicity was determined as described previously by cross-sectional analysis using the Cosinor procedure, freely available online, and assuming a 24-h period (4, 23, 24) . The acrophase (time of peak expression), mesor (rhythm-adjusted mean), amplitude of rhythmicity, and significance of fit to a 24-h period (as indicated by the P-value) for each gene was abstracted from the program. mRNA levels are expressed as ratios to mean expression of the respective gene at HALO 3 (DF group for all restricted-fed rats). The mesor is an arbitrary value, precluding comparisons between genes. However, amplitudes are independent of scaling and can thus be compared among genes and groups. Two-tailed t tests were used to compare weights of DF and LF groups. The acrophases for AL rats were subtracted from the acrophases of DF and LF rats to identify phase shifts relative to AL rats. A 1-sample t test was used to identify a significant difference in mean phase shift of DF or LF rats from the value 0 (complete absence of phase shift relative to AL). Differences were considered significant at P , 0.05.
Results
Rhythmicity of gene expression in jejunum of AL rats. All clock genes examined were expressed in intestinal jejunal mucosa. Cosinor analysis confirmed previously documented rhythmicity in expression of Clock, Bmal1, ReverbA, Per1, Per2, and Cry1 ( Table 1 ; Fig. 1 ) and demonstrated that rhythmicity for all measured clock genes fit a 24-h periodicity (P , 0.05) (4, 23) . Periodicities of 24 h were also detected for (Fig. 1C,E) . In AL rats, amplitudes were greatest for Bmal1, ReverbA, Per1, and Per2 and more modest for Clock, Cry1, and Cry2. Positive clock regulators Bmal1 and Clock peaked at late dark phase (P , 0.0001; Table 1 ; Fig. 1A , B). In contrast, negative regulators Per1, ReverbA, and ReverbB peaked between HALO 6 and 10 and reached a trough at HALO 0 during peak expression of Bmal1 and Clock (P , 0.005; Fig.  1D ,E). Per2 expression peaked at HALO 16, a 6-h lag behind Per1 (P , 0.005; Fig. 1D ). Sglt1 mRNA exhibited robust 24-h rhythmicity as we have reported previously (3), with peak expression at HALO 11, close to that for Per1 (HALO 9) as well as ReverbB (HALO 9, Table 1 ; Fig. 1D-F) .
Restricted feeding phase-shifts expression rhythms of both SGLT1 and clock genes. To identify regulatory cues triggering rhythmicity in Sglt1 and clock genes, we sought to define their responses to imposed food availability, thus separating nutrient cues from the light-dark cycle.
Food intake and body weight. Food consumption by LF rats on d 1 was 16 g (Supplemental Fig. 2A ),~4 g less than the 20 g/d consumed by AL rats of similar weight (25) but had normalized by d 3. LF rats weighed less than DF rats on d 4 despite equal food intake (244 6 1.4 g vs. 251 6 1.4 g; Supplemental Fig. 2B ; P , 0.05). This was possibly a catabolic response to the stress of restricted feeding during daytime, or a relatively slower adaptation of intestinal nutrient absorption to the change in period of peak nutrient availability. Weights had equalized by harvest.
Rhythmicity of Sglt1 and clock genes. DF rats would be expected to display rhythms similar to AL (Fig. 2) . Although this was broadly true, we observed a consistent advance in acrophase FIGURE 1 Circadian rhythmicity of Clock (A), Bmal1 (B), Cry1/Cry2 (C), Per1/Per2 (D), ReverbA/ReverbB (E), and Sglt1 (F) in AL rats. To facilitate comparisons of rhythmicity and amplitude, the x-axis was double-plotted and expression (y-axis) indexed to mean HALO 3 expression for each gene. Values are expressed as mean 6 SEM, n = 6 or 7. P-values are shown in Table 1 .
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for most clock genes and Sglt1 in DF compared with AL rats (mean phase advance of 1.7 h; P = 0.0005) ( Table 1 ; Fig. 2 ). Periodicity was retained in most clock genes and Sglt1 in LF rats, with a mean phase advance of 9.6 and 7.9 h compared with the AL and DF group, respectively (P , 0.0001) ( Table 1 ; Fig. 2 ). In contrast, amplitudes for Clock and Cry2 were lower in both restricted groups compared with AL, leading to a loss of rhythmicity (Fig. 3A,D) .
The phase of the Sglt1 mRNA rhythm was advanced in both DF and LF rats (1 and 8 h, respectively) . Sglt1 mRNA remained rhythmic in LF rats, but with a lower peak, blunted amplitude, and a 7-h phase difference from DF rats ( Fig. 4E ; P , 0.05). SGLT1 protein expression in DF rats peaked 4 h later than mRNA expression (HALO 14), 3-fold higher than the trough ( Fig. 5A ; P , 0.05). SGLT1 protein expression was highest during the day in LF rats, with levels 70% higher at HALO 9 than HALO 21, but did not attain 24-h rhythmicity ( Fig. 5A ; P = 0.24). We also observed higher trough SGLT1 protein expression in LF than in DF rats (P = 0.001 at HALO 21; Fig. 5A ).
Clock genes Per1 and ReverbB both displayed similar phase shifts to Sglt1 under the 2 restricted-feeding regimens. The concordance between SGLT1 and Per1 was also observed at the protein level in jejunal nuclear extracts (Fig. 5A,B) . A 24-h periodicity was observed in both DF and LF rats, with acrophases of HALO 2 and HALO 22, respectively (Fig. 5B) . The period of increasing Per1 protein coincided with the nadir of Sglt1 mRNA and presumably its transcription (Figs. 4E and 5B). ReverbA also exhibited similar phase shifts on restricted feeding, but peak ReverbA expression preceded Sglt1 expression by 4-5 h in all 3 groups.
Discussion
All clock genes exhibited robust circadian rhythmicity in jejunal mucosa of AL rats. Restricting food to the LF dissociated these FIGURE 2 Phase difference in acrophases of clock genes and Sglt1 in DF and LF rats relative to AL rats showing a phase advance of 1.7 and 9.6 h, respectively. Values are individual values (n = 6 or 7) and means 6 95% CI. *Different from DF, P , 0.05.
FIGURE 3
Circadian expression of Clock (A), BmalI (B), Cry1 (C), and Cry2 (D) in DF and LF rats. To facilitate comparisons of rhythmicity and amplitude, the x-axis was double-plotted and expression (y-axis) indexed to mean HALO 3 DF expression for each gene. Values are expressed as mean 6 SEM, n = 6 or 7. P-values are shown in Table 1 .
Daytime feeding phase shifts clock genes and SGLT1 911 by guest on October 30, 2017 jn.nutrition.org rhythms from the light cycle. Notably, rhythmicity of both Sglt1 mRNA and protein were shifted. Previous studies from our group and others have shown that rhythmicity of SGLT1 protein expression correlates with rhythmicity at a functional level in the intestine (2,3). These results establish nutrient availability as a key Zeitgeber for the peripheral intestinal clock(s) as well as the expression rhythm of the glucose transporter SGLT1.
Determining the relative shifts in glucose transporter and clock gene rhythms in response to restricted feeding was a major study aim. After 7 d of restricted feeding to either the light or dark period, phase differences of 6-11.5 h were observed for Sglt1 and 5 of the 8 clock genes examined. The lack of a complete 12-h phase shift difference between dark-and light-fed rats may reflect the influence of other factors such as glucocorticoids, which can also partially phase shift gene expression (18, 19 The duration of nutrient availability may have also affected the degree of phase shift, because a shorter period of food availability in other studies (HALO 2-8) (26) produced a greater phase shift than we observed. Moreover, peripheral clocks adapt to restricted feeding at different rates; liver shifts much more quickly than lung (19) . Although it is possible that the small intestine would achieve a complete phase shift following longer restricted feeding, the sufficiency of 4-d adaptation previously reported (27) , the equal weights between rats in the 2 restricted groups, and the plateau in food intake in the LF rats [matching that expected for rats of that weight (25) ] all suggest that the partial phase shift was due to factors other than incomplete adaptation. We note that the rapid adaptation observed in liver may result from more direct (i.e. local) stimulus-response pathways. Adaptation in the intestine, particularly for diurnally rhythmic functions, is indirect [as shown by isolated loops (28)] and may entail cephalic and other inputs.
The apparently longer period required for adaptation by intestine compared with liver may reflect a tissue-specific feature necessary to stabilize the rhythms in intestinal functions despite moderately varying nutrient intake patterns. Possibly, linkage of phases of critical intestinal functions such as proliferation and absorption to extra-luminal inputs could serve to coordinate these rhythms, thereby assuring that DNA synthesis and peak absorption do not coincide.
In AL rats, Per1 and ReverbB mRNA expression peaked in phase with Sglt1, slightly preceding Sglt1 expression by 1-2 h. Restricted feeding produced similar phase shifts for Sglt1, Per1, and ReverbB; all 3 genes were phase shifted by 1-2 h in DF rats and 7-8 h in LF rats compared with AL rats. The presence of 4 canonical E-boxes in the Sglt1 promoter raises the possibility that the Per1 transcription factor is involved in controlling Sglt1 rhythmicity. If so, occurrence of the Sglt1 mRNA nadir when the Per1 protein level is rising suggests that Per1 exerts a negative influence. Lack of Reverb response elements in the Sglt1 promoter argues against ReverbB involvement but does not preclude indirect regulation or use of a noncanonical element.
We were surprised that nocturnal food restriction advanced the phases of Sglt1 and intestinal clock genes by 1-2 h compared with AL feeding. Although only a modest amount of food is usually consumed during the day (10-20% daily intake) (27) , the restriction was apparently sufficient to shift gene expression phases. The daytime food deprivation in DF rats effectively prevented "early phase eating," consumption of food in the late LF, and may have enhanced entrainment signals normally produced by hunger or hormonal responses, thereby sharpening the anticipatory intestinal gene induction and advancing the acrophases in DF rats. In either case, it is clear that restricting food access to 12 h led to detectable alterations in intestinal rhythms.
Overall SGLT1 protein expression was higher in LF rats compared with DF rats (P = 0.010), despite no significant difference in mRNA levels (P = 0.946). This result is consistent with our previous finding that post-transcriptional events are also important in regulating intestinal SGLT1 expression (28) . In light of reports that SGLT1 expression is increased in obesity and diabetes (29, 30) , it would be interesting to assess the functional consequences of our observation by comparing glucose homeostasis in light-and dark-fed rats as well as measuring SGLT1 expression in shift workers who are forced to eat off schedule and have increased risk of developing glucose intolerance (31) .
Our findings lend support to the notion that clock genes cue intestinal rhythmicity in response to nutrient availability. Clock genes are clearly important transcriptional regulators (26, 32, 33) . Clock and clock-controlled genes have been implicated in the regulation of other proteins such as the Na+/H+ exchanger Nhe3 in the kidney (32), the oligopeptide transporter Pept1 (26) , and the multidrug resistance 1 gene (33). Pan and Hussain (34), using Clock mutant mice, presented evidence for its involvement in intestinal absorptive rhythms. Our studies add to the existing evidence implicating clock genes in absorptive rhythms and provide important information on the role of clock genes in regulating SGLT1 rhythmicity and thereby rhythmicity of glucose uptake in the intestine.
The glucose concentration generated from digestion may be a major stimulus in regulating the expression of clock and Sglt1 genes in the intestine. In an intriguing study, glucose was shown to downregulate Per1 and Per2 mRNA expression in rat-1 fibroblasts (35) . The authors hypothesized that glucose itself, which displays a modest circadian rhythm in rodents (36) , provides a Zeitgeber for peripheral clocks, acting to downregulate Per1 and Per2 via other transcriptional regulators. This hypothesis is consistent with decreased Per1 mRNA levels during the period of nutrient consumption in both AL and DF rats. Although plasma glucose levels are relatively constant, enterocytes (and probably also hepatocytes) are unique in experiencing abrupt increases in glucose supply and intracellular concentrations following feeding. Thus, glucose suppression of Per expression may be the molecular basis for resetting intestinal (and liver) clocks by nutrient availability. The ability of these 2 "gateway" organs to respond rapidly to nutrient intake patterns via peripheral clocks would have great adaptive value by optimally coordinating absorptive functions with nutrient delivery.
In summary, we have shown that nutrients provide a major Zeitgeber for intestinal clock genes and that shifting the period of availability simultaneously phase shifts expression of clock genes and intestinal transporters. Further studies are required to define the molecular mechanism linking clock genes to Sglt1 rhythmicity. The regulatory mechanisms governing circadian rhythmicity of intestinal function may have a considerable role in obesity and diabetes and a better understanding could lead to new therapies for these worsening epidemics.
